amplifiers. Recently, however, there has been growing interest in estimating the transient time response of EDFA's to gain or loss of one or several wavelength channels in WDM circuitswitching scenario [1] [2] [3] [4] [5] [6] . In particular, sizeable system impairements may result from channel addition or loss in a point-to-point communication link composed of a long chain of EDFA's. Detailed simulations and experiments have established that the power excursions of the surviving channels due to the power transition on other channels could total several dB, and the speed of the output power transients increases along the chain [2] . Increased output power levels could lead to error bursts, if the power exceeds the threshold for optical nonlinearities; low power levels could lead to inadequate eye opening; ultimately, the receiver's acceptable dynamic range could be exceeded as a combination of these two effects.
In WDM packet-switching burst-mode networks, where no power is transmitted on empty slots, such as nativemode asynchronous transfer mode (ATM), or as the recently proposed WDM internet protocol (WDM-IP) with transport directly onto the optical layer [7] , fluctuations of the input powers are present due to the random nature of the packet arrivals at the EDFA, giving rise to a cross-gain saturation effect similar to the one induced by add-drops in circuit switching. Cross-gain saturation in packet networks, however, has not been quantified to date. Network services such as multimedia, variable bit rate (VBR) video applications, and gigabit Ethernet local area networks (LAN) exhibit highly variable traffic characteristics. New studies indicate much increased variability in the packet interarrival times [8] , [9] and actual traffic measurements indicate self-similarity in these networks [9] . The significance of the increased variability, leading to self-similarity, from the gain saturation perspective is that longer intervals of higher or lower input power are much more probable, giving enough time to the EDFA to acquire substantially different gain values.
In this paper we investigate the system impairment in such WDM packet networks due to the gain saturation in cascades of EDFA's fed by input traffic with various degrees of variability in the packet interarrival times. Through numerical simulations, we demonstrate sizable power and optical signalto-noise ratio (SNR) swings at the output of the EDFA's.
The organization of the paper is as follows. In Section II, we describe the EDFA model used to calculate the transient responses of EDFA's. It is based on the model introduced in [1] with the amplified spontaneous emission (ASE) being added as outlined in [11] and [12] . In Section III, we give both power and SNR transients along an EDFA chain caused by a single power discontinuity, such as an add-drop in a circuit-switching scenario. We evaluate the speed of the transients through the figure of merit 1-dB time, that is, the time during which the power excursions reach the 1 dB level. We derive simple expressions for the evolution of the 1-dB times along a cascade of EDFA's. We present the results of a simulation of a circuit-switched communication link comprising 16 WDM channels transmitted through a cascade of 35 EDFA's. Simulations address the steady-state SNR dependence on wavelength, the 1-dB times of power and SNR transients and the power and SNR excursions of eight of the 16 channels. The excursion results are used in the subsequent sections to describe the simulations of the packetized traffic.
In Section IV, we present a brief description of the packet traffic model employed to simulate packet traffic with various degrees of variability. The model is based on the superposition of many ON-OFF periods each having a Pareto heavy-tailed distribution. Relevant definitions are given for the traffic parameters employed.
In Section V, we present results for the same cascade as before, fed in this case by packetized traffic with various degrees of variability. The simulations are run over one million transmitted slots. We present histograms estimating the probability density function of the power and SNR swings at the output of the first and of the fifth EDFA. The results are compared for various degrees of variability, ranging from relatively smooth traffic to self-similar traffic, and for various network utilization factors. We demonstrate that the swings are much more pronounced further along the cascade, stemming from transients that become progressively faster along the cascade. Also, the SNR swings are found to be smaller than the corresponding power swings due to the compensating effect of transients in the ASE itself. It is argued that highly variable traffic (such as self-similar traffic) coupled with low utilization, could lead to a serious deterioration of system performance. Power swings in excess of 9 dBm and SNR swings in excess of 4 dB are observed during the simulation and indications are that the effect will be much more pronounced in longer cascades. Finally, we draw some brief conclusions.
II. EDFA MODEL
The dynamic behavior of the EDFA is obtained by the model introduced in [1] and based on solving a single ordinary differential equation (ODE), into which ASE is included as outlined in [11] , [12] (1)
Here is the number of WDM channels, channel 0 indicating the pump; is the EDFA fluorescence time and are the input, output, and intrinsic saturation fluxes (photons/s) at wavelength is the logarithmic gain is the loss parameter, being the absorption constant at and being the length of the amplifier; is the amplifier (statistical) average spontaneous emission flux (photons/s) calculated assuming a constant inversion as [12] , [13] : (2) where and are the emission and absorption crosssections, is the log-gain and the loss, all at frequency In (2), the term in square brackets represents the spontaneous emission factor and the factor four accounts for two different polarizations and two different directions of propagation of the ASE; when calculating the output SNR, only half of that value represents the forward ASE.
III. TRANSIENTS CAUSED BY A SINGLE POWER DISCONTINUITY
The EDFA chain in analysis is adopted from [14] and shown in Fig. 1 . It is composed of 35 identical EDFA's, with absorption and emission cross-sections, saturation powers, and absorption coefficients as in [6] . Forward pumping at 980 nm with pump power of 18.4 dBm and EDFA length 14.0 m are assumed. The chain is designed for a 16-channel WDM (circuit-switching) system in the wavelength band 1544-1559 nm, with 1 nm spacing and 7 dBm input power. With this specific EDFA configuration and input fluxes, the gain peak is around 1530 nm and thus a passband filter after every amplifier is inserted to block the propagation of the forward ASE below 1540 nm, which would otherwise saturate the chain [14] . A notch-filter for gain equalization is also placed after every fourth EDFA. A Lorentzian shape for its attenuation characteristic is assumed [14] , [15] :
with filter depth dB, center wavelength nm, and full-width at half-maximum (FWHM) nm. The interamplifier loss is 10 dB. Before the receiver, an optical demultiplexer is inserted to filter out the desired signal, the width of the optical filter being 0.125 nm.
We next show the transients along the chain caused by an isolated discontinuity of the input power. At time , the system is at steady state and only eight of the 16 channels (the odd channels) are present. The steady state is calculated by sequentially setting in (1) for each EDFA and solving the resulting transcendental equation. For ASE computations, the integral in (2) is calculated over 64 contiguous frequency bands, between 1518 and 1581 nm, with 1 nm separation. With the above input powers the cascade is balanced, in the sense that each EDFA can provide roughly 10 dB gain to the eight active channels, to counter the interamplifier losses. Fig. 2(a) shows the optical SNR of the active odd channels at the first, fifth, twentieth, and thirty-fifth EDFA outputs. Circles help identify the channels. Note that the system features a fairly flat gain profile, as the SNR spread is less than 3 dB, in good agreement with the results in [14] , [16] .
At time , i.e., one instant after time zero, the remaining eight even channels are reinstated and the transients are determined by sequentially solving the ODE (1) for each EDFA using a Runge-Kutta routine of the fourth order, in 0.1 s time increments. The associated 1-dB times for power and SNR excursions versus amplifier number in the cascade are shown in Fig. 2(b) for the channel at 1552 nm, the one at the center of the notch. We calculate the optical SNR as the ratio of the signal power to the ASE statistical average power (2) over a bandwidth of 0.125 nm centered at the signal wavelength. Circles and crosses show the theoretical values obtained as detailed in the Appendix. We see that transients become faster along the cascade [2] . Note that the transients of the output power are faster than the transients of the optical SNR. Fig. 2 (c) and (d) shows the power and SNR dB-excursion for the channel at 1552 nm at the output of the 1st (dotted line), 5th (solid line), 20th (dash-dotted line) and the 35th EDFA (dashed line). Note that toward the beginning of the cascade the SNR excursion is significantly smaller than the power excursion, but further along the cascade the power and SNR excursions become comparable. In fact, as is also evident from Fig 2(b) , the SNR excursion at the output of the first, the second and the third EDFA in the cascade never reaches the 1 dB level and only at the output of the fourth EDFA does it cross the 1 dB mark. The results of tical networks. Recently it was discovered that Ethernet LAN traffic [17] , [8] , [18] , or VBR video traffic over ATM [9] exhibit long-range dependence and self-similarity. The role of self-similarity or indeed high variability in interarrival times from the EDFA gain saturation perspective is that long periods of less traffic (OFF periods) or higher traffic (ON periods) are far more likely, giving enough time to the EDFA to respond to the fluctuations of the input power. The resultant fluctuations in gain, output power, and SNR leads to deterioration of system performance.
The traffic in our simulations consists of 16 independent sources, one for each wavelength channel. Each of these sources is modeled as a succession of ON periods (intervals during which packet bursts are transmitted) and OFF periods (intervals during which no packet is transmitted). The duration of each ON-OFF period is assumed to be a random variable with Pareto distribution, having cumulative distribution function [19] (4) with finite mean when In [17] it was proven that the superposition of infinitely many ON-OFF sources, each having infinite variance, produces self-similar traffic. In particular, with a Pareto distribution, when the variance is infinite, while when the variance is (5) We will use the parameters as indicators of the degree of variability of the traffic. In the simulations we used , so that the packet burst duration (ON time) and packet burst spacing (OFF time) can vary from 1 to slots. Given a random variable with uniform distribution on [0, 1], we use the following transformation to generate a random variable with a truncated Pareto distribution (6) where rounding to the smallest integer is necessary in a slotted system such as ATM so that the duration of the ON and OFF periods is a multiple of the packet size.
The overall network utilization is given as Given the utilization and the mean of the ON periods the parameter is obtained as (7) Histograms of the simulated ON and OFF periods (expressed in slots) are shown in Fig. 3 in solid line on a log-log scale. They are obtained by simulating one million slots, with (infinite variance). The sample mean is 4.9 slots and the histograms go over 102 938 counts each. The histograms are estimators of the probability density function (pdf) of the truncated Pareto random variables and . For comparison, the pdf of a (nontruncated) Pareto distribution, calculated using (4), is also given in dashed line. Note that the logarithm of the Pareto pdf has slope as is evident in the figures. The discrepancy between the simulated and the analytical curve in the region of small ON-OFF values is due to truncation. Note that the monitoring time was not sufficiently long to observe the heaviest tails of the distribution; the longest observed duration was around 500 slots. The finite monitoring time also skews the sample mean of the truncated Pareto distribution: 4.9 slots versus six slots for the theoretical mean of a standard Pareto distribution.
V. TRANSIENTS CAUSED BY BURST-MODE PACKET TRAFFIC
We present in this section the results of numerical simulations performed on the chain described in Section III, when fed by the packetized traffic described above. Our goal is to quantify the impact of the gain dynamics caused by rapid fluctuations of the input traffic on the output power and optical SNR. Slotted, native-mode ATM, in which the slots from all 16 channels arrive aligned at each EDFA and packets (called cells) are of fixed size of 53 bytes, is assumed throughout, although the simulation results apply also to a WDM IP transport, with IP packets of variable length but still an integer multiple of some cell length. Unless otherwise stated, the following holds: the bit rate is 150 Mb/s, corresponding to a cell duration of 2.82 s; the ODE (1) was solved in ten points per cell, resulting in a time resolution of 0.3 s. Note that 0.3 s is well below the 7.4 s 1-dB time for the fifth EDFA indicated in Fig. 2(b) and hence the time resolution is fine enough to capture power and SNR transients much less than 0.1 dB. To effectively simulate the highly variable input traffic, over one million slots were transmitted, corresponding to 3 s of transmission. All the relevant amplifier parameters are the same as in the case of the cascade of 35 EDFA's described previously. The peak input cell power/ch is dBm. Due to the long run times required, the first five EDFA's only were simulated. The power (and optical SNR) were monitored at the output of the first and of the fifth EDFA for the wavelength channel at nm. The output powers (SNR's) on slots carrying a cell were calculated in ten points per slot and arranged into a histogram calculated on 100 bins of width 0.2 dB, uniformly tiling the range between and dBm (dB), where is the steady-state value of the power (SNR) for the given utilization obtained from (1) by setting and using all 16 active (i.e., continuously ON) channels, each with input flux at the first EDFA. Obviously at the "average" gain in the chain is the same as that of the balanced chain of Section III with the eight even channels present, with a gain of roughly 10 dB balancing the interamplifier losses.
In order to keep the system well balanced on average for different utilizations, i.e., to keep the same value of the pump power was changed for different utilizations according to (12) . If the utilization changes from to the input flux of channel at amplifier changes from to so that we use in (12) to find the required pump variation. Specifically, the pump power at the first EDFA was 18.4 dBm for utilization 20.0 dBm for utilization and 16.4 dBm for utilization . In analyzing the results of the simulation, it is convenient to define several parameters in the histogram representation. A sketch of a histogram of the simulated pdf of the output power is shown in Fig. 4 . Results for slowly varying traffic are shown with a solid line. This curve is nearly vertical and centered around the steady state (indeed the most probable) value . As the variability of the ON and OFF periods increases (that is to say, the variance of these periods increases) the curve broadens and assumes the shape shown with dashed line in Fig. 4 . We note two limit points in Fig. 4 , dubbed the full load limit and the zero load limit. The full load limit occurs when all the packets at all the wavelengths are present for a long period of time, causing the EDFA to saturate to the limit and to assume small values for the gain (this, in effect, corresponds to utilization ), hence, the output power is at its minimum. The zero load limit occurs when long periods of empty slots at all wavelengths (lulls) are present, giving time to the EDFA gain to recover its small signal value, thus causing high-power levels and gain sag across the cells following the lulls. This zero load limit is usually far to the right, as the gain and the corresponding output power are very large. The histogram cannot exceed either of these two limits. Variability or high variance in the OFF periods will cause broadening of the curve toward the zero load limit; likewise, variability in the ON periods will broaden the curve toward the full load limit. The degree of broadening depends on the variability of the ON-OFF periods but also depends on the speed of the transients as will be established later.
We begin in Fig. 5 with an analysis of the output power fluctuations at the first amplifier for the wavelength channel at nm. SNR excursions are not considered for the first amplifier, as results presented in Fig. 2(d) show they are not significant this early in the amplifier chain. We consider first in Fig. 5(a) a utilization factor of the steady-state power is dBm, corresponding to a steady-state gain of 10.1 dB. The zero load limit of is about 6 dBm, corresponding to a small signal gain of roughly 13 dB. To calculate the full load limit we make use of data for continuous traffic in Fig. 2(c) , where the difference between time with eight of 16 channels present and time with all channels present is seen to be 1.5 dB. Hence, in Fig. 5 (a) the full load limit lies around 3.1-1.5 1.6 dBm. Curve D is the simulated pdf of the output power for relatively smooth input traffic and is very compact, i.e., very little fluctuation is visible. Indeed, since the traffic is smooth, the occurrence of long OFF (less input power than the steady-state value) or long ON (more input power than the steady state value) periods is unlikely and hence the output power stays mostly at its steady state value. As the variability of the traffic increases (curve C representing the case of the curve broadens, indicating increased likelihood that the output power will vary significantly from the steady-state value. The self-similar case representing input traffic with infinite variance of ON/OFF times is depicted with curve A where it is evident that sizable power fluctuations occur, the range of power swings covering almost 2.5 dBm with a probability larger than 10 4 . The broadening of the curve occurs on both sides of the maximum probability level (the steady state level) due to the infinite variance of both OFF and ON periods. Note that curve A comes very close to the full load limit. Curves A, C, and D are all calculated assuming a bit rate of 150 Mb/s. To investigate the influence of the bit rate on the power swings, simulation of the selfsimilar case with and bit rate of 2.5 Gb/s was also performed and the results are depicted in Fig. 5(a) , curve labeled B. Since the packet duration is only 0.17 s, the transmission of 5 million slots was monitored, while the transients were calculated only in two points per slot, again giving a total of ten million points, as in the previous simulations (one million slots and ten points per slot). It is evident that the broadening, as compared to curve A, is less pronounced in both directions of the maximum level. This is hardly a surprising result, as in the case of 2.5 Gb/s the absolute duration of the ON or OFF periods is shorter (due to the shorter durations of the slots) and hence the EDFA has less time to assume different gain values. There is nonetheless a substantial broadening of the output power pdf, even at this high bit rate. Another point to note on Fig. 5(a) is the offset of the maximum levels of the curves; we would expect the maximum of the pdf to occur at the steady state value . The maximum level of curve D occurs exactly at the value calculated using the steady-state model in Fig. 2(c) , but the subsequent curves A, B, and C show an offset which increases toward lower power values as the variability increases and reaches almost 0.5 dBm for curve A. This can be ascribed to the long monitoring times needed to see the effect of the self-similarity. This is supported by the fact that curve B, which represents simulation with exactly the same degree of variability as curve A, displays a smaller offset (in curve B five million slots were transmitted as opposed to one million in curve A, and hence the simulation of the self-similar case was more accurate).
To investigate the effect of the utilization factor on the power swings, we performed self-similar simulations for different values and the results are represented in Fig. 5(b) . Curve B stands as a reference curve and is the self-similar case with and that is to say, the same curve as curve A in Fig. 5(a) . A smaller utilization factor of and is depicted with the curve A. The broadening is larger, due to the fact that the variability in OFF periods can contribute to a more dramatic effect, hence the broadening on the right. Note that the full load limit for curve A stands at around 0.6 dBm, whereas that for curve B is around 1.7 dBm. The case with and is depicted in curve C. Note that the broadening at is substantially smaller, which can be attributed to much shorter OFF periods. The effect of variability is much less pronounced, as evident from the relatively small broadening on the right. The effect of the variability in ON periods, however, is more pronounced because the ON periods are longer and the power swings already closely approach the full load limit (about 2.53 dBm).
It should be emphasized that the degree of broadening of the power curves depends very strongly on the speed of the transients: the faster the transients, the larger the broadening. This point can be made stronger by comparing simulations presented here with different simulations reported in [20] . The referenced simulations were undertaken for much higher input powers/ch ( 3 dBm/ch) and for EDFA's with much longer length (35 m) and very high gain (34 dB small signal gain), designed again to provide roughly 10 dB gain/ch. All other EDFA and network parameters were the same. Fig. 6(a) represents the self-similar case with as calculated with dBm/ch and EDFA length 14.0 m [curve A, the same as curve A on Fig. 5(a) and curve B on Fig. 5(b) ] and the case of 3 dBm/ch and EDFA length of 35.0 m (curve B). It is evident that the broadening in the case of the curve B is much larger, the power swings covering a range of almost 5.5 dBm with probability 10 4 . Recall that the 1-dB time depends on the amount of power change [see (8) and (9)], which, in this case, is substantially larger, resulting in faster transients. Indeed, calculations indicate that the 1-dB time at the output of the first EDFA in the case of 3 dBm/ch described in [20] is 15 s as opposed to 57 s visible on Fig. 2(b) . This establishes that the 1 dB time has profound influence on the power excursions and the broadening of the curves. Also note that in Fig. 5(a) curves A and B are shifted by 4 dBm relative to each other, consequence of the fact that the input powers are 7 and 3 dBm/ch, respectively, while the gain in both cases is about 10 dB.
Very similar calculations were done for the case of the output power and optical SNR in a cascade of EDFA's. We examine the histograms of output powers and SNR's at the output of the fifth EDFA in the cascade. Returning to Fig. 2(b) , note that the 1 dB time decreases progressively along the cascade (1 dB time at the first EDFA is 57 s and at the fifth EDFA is 7.4 s), both for the power and SNR excursion, meaning that the transients along the cascade accelerate. The resulting effect of this acceleration is to give a much larger broadening of the curves at the output of the amplifiers further along the cascade. Fig. 6(b) compares the power histograms at the output of the first EDFA (curve A) and the fifth EDFA (curve B). While the power swings cover only 2.5 dBm for the case of a single EDFA, that range grows to nearly 7 dBm at the output of the fifth EDFA, a very substantial broadening indeed.
We next present the power and SNR pdf's obtained at the output of the fifth EDFA The analysis of the power swings in the cascade was performed in exactly the same manner as was described for a single EDFA. The influence of the degree of variability of the input traffic on the power swings is represented on Fig. 7(a) for the case of . As pointed out earlier, smoother traffic results in modest broadening of the power curve and curve D features only 1 dB broadening. As the traffic variability increases, the broadening increases as well, reaching almost 7 dBm for the self-similar case of depicted with curve A. Again, the simulation with 2.5 Gb/s bit-rate (curve B) features less broadening than the corresponding one at 150 Mb/s (curve A). Very similar conclusions as in the case of a single EDFA hold, and will not be repeated. We note, however, that the full load limit in this case [see Fig. 2(c) ], lies 2.7 dBm on the left of the maximum probability level, that is, at 0 dBm on Fig. 7(a) . The zero load limit, however, can be determined (neglecting the influence of the notch-filter) as follows:
and lies at approximately 18.0 dBm in Fig. 7(a) . We also note that the steady-state power value (the maximum probability level), due to the behavior of the cascade, is shifted by roughly 0.5 dB relative to the value at the output of the first EDFA, and stands at around 2.7 dBm. Fig. 7(b) depicts the self-similar case for different utilization factors and as such is equivalent to Fig. 5(b) . Again, it is obvious that the amount of broadening increases when the utilization factor decreases, for the same reasons discussed previously. We note that the full load limits are as follows: at 1.5 dBm for utilization (curve C); at 0 dBm for utilization (curve B) and; at 2.1 dBm for (curve A). In this respect, curve C already reaches that limit and further broadening in that direction is not possible.
The histograms of the output optical SNR's are presented in Fig. 7(c) and (d) . Note that the maximum probability levels (the steady-state levels) coincide with those represented in Fig. 2(a) . Also note that the broadening of the SNR curves is much smaller than that of the power curves. This is due to the fact that the transients of the SNR are much slower, as evident also from Fig. 2(b) which represents the 1 dB times. In fact, the 1 dB time of the power excursion at the output of the fifth EDFA stands at 7.4 s, whereas the 1 dB time of the SNR excursion is 19.8 s. Hence, the curves for the SNR cases are compressed, featuring width of 3.5 dB for the self-similar case with and (curve A) as opposed to nearly 7 dBm for the corresponding power histogram. Again the broadening is more pronounced as the utilization decreases and the variability increases. We note that the full load limits for the cases depicted in Fig. 7(d) are: 36.5 dB for (curve A); 38 dB for (curve B); and 39 dB for (curve C). Also note that curve C already reaches that asymptote. The main observation, however, is that the SNR swings are much smaller than the corresponding power swings. The explanation is that as the power increases/decreases due to the gain change in EDFA, so does the ASE noise, and hence the optical SNR, which is a ratio of these two quantities, assumes different values but at a much slower pace and at a much smaller size as compared to those in the power case. However, as indicated in Fig. 2(d) , in long cascades of EDFA's this difference diminishes progressively and the SNR excursions become comparable to those of the power excursions.
VI. CONCLUSIONS
We have presented a rather extensive set of simulations, in which we investigate the influence of the statistics of the input traffic on the statistics of the power and SNR at the output of an EDFA chain. By modeling the input traffic on each channel of a WDM system as a succession of ON-OFF periods, each with a Pareto heavy-tailed distribution, we have simulated input packetized traffic with various degrees of variability in the packet bursts. To capture the heavy tails of the ON-OFF distribution (important for traffic with large variability) we have monitored the transmission of one million slots, calculating the power transients in ten points per slot. The results of the simulations were used to build a histogram estimation of the probability density function of the output power and optical SNR, taken for input traffic with different variability and for different network utilization factors. The statistics were taken both at the output of the first EDFA in the cascade and at the output of the fifth EDFA in the cascade, giving ample opportunity to highlight the influence of the cascade. The results indicate that substantial power and SNR swings are present when an EDFA is used to amplify highly-variabile burst-mode packet traffic. The effect is much more pronounced along a cascade, where power swings in excess of 9 dBm and SNR swings of more than 4 dB were observed during the course of one simulation with probability larger than 10 4 . This can represent a serious problem, pointing at potential receiver dynamic range limitations, error bursts if the power exceeds certain thresholds for optical nonlinearities or inadequate eye opening. It should be stressed that this study determines this effect qualitatively in the case of highly variable multimedia traffic and secondly, it highlights that output power and SNR fluctuations are more acute in cascades of EDFA's. A quantitative analysis of the system impact of such power fluctuations depends very strongly on system parameters, as indicated by two parallel simulations for systems with significantly different EDFA parameters, leading to significantly different values for the amount of broadening of the power swing curves. We note in passing that recent developments make it possible to regenerate [21] and detect [22] high-speed data transmitted in burst packet mode. Finally, we note that the power and SNR swings will increase markedly when such traffic is fed into longer cascades of EDFA's, indicating a clear demand for a gain compensation mechanism.
APPENDIX 1 dB TIME
The amplifier gain is a continuous function of time because of the existence of its time derivative in (1). However, a step transition in the input power leads to a step transition in the output power, and such discontinuity propagates along the chain of amplifiers. The amplifier gains evolve in time as per (1) , and the system converges toward a new steady-state solution. The speed of the transients in the output power from one steady state solution to the next can be characterized by the time in which the output power changes by one dB, i.e., the 1 dB time [2] .
Let and be the input and output fluxes, respectively, of channel at amplifier Define the dBpower excursion of channel at the output of amplifier as where indicates one instant after the step transition at Approximating as a straight line in and defining the (normalized) slope (8) we get a simple approximation of the 1 dB time as the inverse of the slope -
Given that the interamplifier losses are time invariant, the time derivative of the input power of one amplifier is equal to the time derivative of the output power of the previous amplifier, leading to the following recurrence:
where . This is a difference equation describing the slope evolution along the cascade with initial condition that the slope of the input power at the first amplifier is zero. Finally, assuming the system is at steady state before the transition, the derivative of the gain can be found by solving (1) (11) where and we have and is the step transition of the input power to the first amplifier.
is the loss between amplifier and . The knowledge of the slope evolution along the cascade and the associated 1 dB time could be put into practical use in designing a gain control mechanism by switching the pump. In this scenario, the pump is switched after a certain amount of time has elapsed since the power transition. The amount of pump power change should be such that it provides an effective gain control-knowledge of the slope could be employed to design a pump compensation scheme that exactly counter-measures the slope by inducing an additional slope with the opposite sign. Hence, from (11), the pump change (photons/s) necessary to compensate the slope at the th amplifier is given by (12) which is a photon flux conservation, valid also for steadystate compensation: the pump should increase (decrease) its flux so as to increase (decrease) the number of excited ions in the EDFA by the amount corresponding to the ions consumed/spared by the total channel flux variation. This expression is used in Section V to find the pump change necessary to keep the system well balanced on average for different utilization factors and to provide gain compensation when the network utilization changes.
